TUF: a Tag-based UDP Multicast Flow Control Protocol by Clerget, Antoine
HAL Id: inria-00072936
https://hal.inria.fr/inria-00072936
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
TUF: a Tag-based UDP Multicast Flow Control Protocol
Antoine Clerget
To cite this version:










ap por t  
de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
 





Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)
Téléphone : 04 92 38 77 77 - International : +33 4 92 38 77 77 — Fax : 04 92 38 77 65 - International : +33 4 92 38 77 65
  	






















j`A+^0` -.+/!10`   -.+/¨!$#`+/









fdh[Zn_XO&ZfdVW  h[NPNPO lhIZnf4Sj³g¯¤hIZ k]{<VXO&fd<'p&OWV²z{_XfdOWVCq {qE_XOWfXuO&qnqO&qE_4lY[VPYmZ qn[OWY[Z©_dfdY[qVc
lHh[fX_WEq YichIZ]_XOWqI_LlYIV¸k U`_"Y_LlYmf'´hm_LknYmqV¸zOWV'fXhIZ]_XOWZnf"V&EO`_Lq O`<OWpº_dZnO&qE_EZnO k]OGV¸hIlUWfdYm_Xh[qVg_XfdMWV
VXNClz{OGV&  O²z£_dfdY[[O[Y[VXU4VZnfozY YmzO&Znfk ZnqnO4U&_X EZnO`_X_XO¥p`hIqE_XO&quZnO4knY[qVozOPlYEZnO&_O`_p&Y[zp&Znz{U
lYmf3zYVXh[Znf"p`OI(lOWfXNPO&_oknOClYmfX_dYmIO&fU!EZn{_dY[nz{OWNPO&qE_ozY Y[qk]OPlY[VdVdYmqE_XOI"jhIZVlOWqVXh[qV#EZnO4p`O
lfXh[_Xh]p`hIz{OlOWZ]_ap`hIKYm£_dO&fjY:[OGp J  e$nO&_%$`_dfXO3Z]_d{zVXUolHh[ZnfzOoNZnz{_XlHh[qI_²HYmnzO[

















































»¢OWY[¶[OWf=Y[{fdqnOWVdVClnfdh[lHO&fX_XOWVfXhIN Y|´h¦ Vc_"YmqknlhI{qE_4p&Ymq±_XKnOWq HO{qnO&fdfXOGk('VXZp"K YIV G  ½I¿
[ ]\ ¿  ½  ½ D^] ½ JFÅHD -E ½ G < }>ÅH_XKYm_V_dY_dOWVj_XKYm_a_XKOf"Y_dOWVh[Æ_c¦'h4´h¦jVjh[OWfaY¥VdYmNPOkY_dY¥lY_dK
Y[fXOk]O&qE_Xp&Y[z°
_a`cb	degfhfidjk f!lm!jn?l?d#bopqk,rtsn-f!os,rudegvQr


















NZnz{_Xp&Y[V_WuOGpº_Xh[q B VKh¦jVa_dKY_{_oO`\]Knn{_dV3qI_dO&fdOWV_Xqn =YmfXqOWVdV lfXhIlOWf_d{OGV&¨Y[qk|_dKY_{_p&Y[q






VXh[Zfdp&O VPfdYm_XOqY§VXpWYmzYmnzO|Ymqk J  e?°fdO&qk]zb*NPY[qnqnOWf4_Xh§_dKnOVXz{h¦5OWV_4fXOGp`OW{IO&fGµJLKnO|J  e
fdO&qk]zqnOWVdV4V¥Y[p"KnO&IOWk ZVX{qnOW£_dKnO&f¥¦qk]h¦LÅYIVOGk Y[z{Ih[fd£_dKnN4V < K]LtujQ:v?>®Lf"Y_dO`ÅY[VXOWk*Ymz[h[








VdY_dV=Y[p`_Xh[q¨G¦Knz{O5z{NP{_XqnaqnO&_c¦'hIfX¶p`hIqn[OGVc_d{hIq¨¨¡qSjOWp`OW{IO&fXÅknfX[OWq  Y:b[O&fdOWk Ã Zz£_dpWY[V_=S 1Ã
< v'>®m·lnfXhInqn¹jO`\]lHO&fd{NPOWqI_"VLYmfdOaZVXOWkP_dhCknOWp`k]O¦KnO&q^_Xh ich[qYIknk]{_Xh[qY[zzY:b[OWfdVWIY[qk¥zY:b[OWfdV'YmfdO
knfXhIlnlOGk^¦KO&qp`hIqn[OGVc_d{hIqVjk]O&_XOWp`_XOGk(  huh[f"k]qY_d{hIq^HO`_c¦5O&O&qfdOWp&O&[O&f"V5VjqnOWp&OWVdVXY[fXbP_dhPY:Ih[k
NPVqE_XOWfXlnfdO`_"Y_d{hIqh[p`hIqn[OGVc_d{hIqV[qY[zVk]ZnOg_dhah[_XKnOWffdOWp`OW{IO&f"V&O`\]lOWfXNPO&qE_dVW  hIqp`ZnfdfdO&qE_1S $Ã
VXOWVdVX{hIqVÆp&Y[q¥YmzVhoHO_XKOaVhIZnf"p`Ohm(NPVqE_XO&fdlnfdO`_"Y_Xh[q < v]Q!>HlnfXhIlhEVOGV$_XKnO ZVXOhm¨VOWqk]OWf¸qn£_dYm_XOGk
lfXhIOGV¸_dh¥Vbuqp"KfXhIqnWOa_dKnOWVXO3O`\]lHO&fd{NPO&qE_"V&?¡q< vIv?>ÅnfXOGp`OW{IO&f"V'p&h[NPlnZ]_dO _dKnO&faVXZnVdp`fd{ln_Xh[q^zO&IO&z
fdh[N z{hEVXVLf"Y_dO3Y[qkfXhIZnqk^_Xfd{l _XNPOoOWV_XN4Y_Xh[qVLZVqn4YCNPhuknO&z¨h[$J  e VL_XKfXhIZn[KnlZ]_W
















  E_dYm_XOoVY[knknOWk {q _dKnOofXhIZ]_XOWfdV'hIfOWY[p"K NZz£_dpWY[V_LIfXhIZnl
  ­nfdO!EZnOWqI_ÆichI{qYmqkzOWY:IO NPOGVXVdYmIOWV5[OWqnO&f"Y_dOY[q Ã e _dfdY-24p3hIO&fdKnOWYIk
Iaq|Ymlnlz{p&Ym_Xh[q ¦{zz¨_dKnO&fdO`hIfXO3ZVXOY4VXNPY[z{zqEZNHO&fjh[$zY:b[OWfdVWnYmqk_dKnO[f"YmquZnzYmfd{_cb4{qY:YmzY[nzO








hmaS $Ã VfdO&IOWYmzqnJLKnVN4Y:b¢O lnfdh[nzO&N4Ym_XpPh[fO`\nYmNPlnzO[?¦KnOWq±Y[pWp`OWVdVp&h[qE_Xfdh[z¸V
lOWfhIfXNPOGk HO`hIfXO _dKnO|fd{IKI_4V4[f"YmqE_dOWk±_Xh ich[qY¢[fdh[Znl¨JLKV4K{IKAichI{q zY_dO&qp&b±¦z{z
{NPlYIpº__dKnOolOWfhIfXN4Y[qp`OhmÆp`hIqn[OGVc_d{hIqp`hIqE_Xfdh[z®
¡q < v[s>Å5fdY[q  OWEqnOk]O&qE_X{²OGV^_dKnO¢=Y[p`__dKY_|Y*VhIZnfdp&OApWYmqVXO&qklYIp"¶[O`_"V^hIqnzb _Xh*_XKnO
OWqE_XfXO[fdh[Znl|YIV Y^¦'OGYm¶uqnOWVdVh[g_Xh]knY:b  Vjce?ÅNZnz{_Xp&YIVc_oYmf"p"Kn{_XOGpº_XZfXOI JLKnO Iknk]fdOWVdVXY[nz{O¡qI_dO&fdqnO`_
Ã Znz£_dpWY[V_Ymf"p"Kn{_XOGpº_XZfXO  Ia Ã lfXhIlhEVOGkAYIknknV3_dKnOY[n{z{_cb|_Xh|knO&z{IO&flYIp"¶[O&_dV3_dh|VZnVO&_dVh[LY
NZnz{_Xp&Y[V_[fdh[Znl h[qYClOWfÅlYIp"¶[O`_LYIVV&
» KYm_¦'Olnfdh[lHhIVXOaKnOWfXOV'_dhCk]OWz{[OWfYlYIp"¶[O&_¸_XhPYCVZnVO&_5h[¨_XKnO3NZnz£_dpWY[V_5IfXhIZnl¥YIVOGk¥hIq
_dKnO4lYIp"¶[O`_ V O[JLKnOP_dY[k]OWqE_X{²OWV3_dKnO·lnfd{hIfX{_cbz{OW[OWz ¹4hm5_XKnO^lY[p"¶IO`_W¨_XKYm_¦{zzgHO4²z{_XOWfXOGk
Y[qk k]O&z{IO&fdOWkh[qnzb4_dh_dKnOoNPO&NOWfdV¦KhPVXKnhIZnzkfdOWp`OW{IOa_dKnOp`hIfXfdOWVXlHh[qk]qnPknY_"YCfdYm_XO[



































 T    &u6 8JU''3N!
9L$-& 'Y +-T@8 3'85+
,8:-* 
  k]O&²qnOWVYfdYm_XO·EZYmqE_dZnN¹Cq§lY[p"¶IO`_dVlOWfVXOWp`hIqk(1° O[ _XKO¥z{h¦5OWV_Y[p"K{OW:Y[nzOCf"Y_dOPh[f
_dKnOap&h[qnIOWV_Xh[q4p`hIqI_dfXhIznlnfdhm_dhup&h[z®1JLKnO Kn[KnOGVc_¸YIp"Kn{OWYmnzOjf"Y_XOV














quZnNOWfjHO&[qfdOWVXO`__Xh POW[OWfXb  	-  uZp"K|Y4V_Xf"Y_XOW[b4hIz{zh¦jVfdZnzO4Q[Z]_a¦z{z¨fdOWVXZnz{_aq
_dfXOWNPO&qk]hIZV3nZnf"V_XqnOWVdVVX{qp&OP_XKnO ²fdV_lY[p"¶IO`_ohmY PlOWfXh]kA¦zz¸HOPh[fd¦5Y[fdk]OGk((hIz{zh¦'OGk
ub*YnzY[qn¶±lHO&fdhuk¨5¦KO&fdO|YmzzjlY[p"¶IO`_"V4YmfdOknVdp&Y[fdk]OGk(Å_^VP_dKnO&fdO`hIfXOqnOGp`OGVXVdYmfdb_Xh±knh W
D,EH ½  ' ½ ]xD E 
I VXh[Znf"p`O5VOWqk]qn3lY[p"¶IO`_"V$Ym_?_XNCO   !")&$#<m¦{_XK%!	'&( -)(   *( &$# ,-[[pWYmq_dY[a_dKnOWVXOLlY[p"¶IO`_dV
¦{_XK+  !& # dn¦KnOWfXO,+4Vjk]O`²qnOWkY[V5hIz{zh¦jV t< v-K->  X
+.- / &( -0/ ,21 3546
798:<;>=>? :  &A@ : B1 7'8:<;>=>? :  & : @ =
­h[foO`\nY[NClz{OI¨h[fDC 	FEn¨lY[p"¶[O&_dV3VXO&qE_o¦{zzgHOP_dYmI[OGkG&H(IH( &J(LK( -M(LN(OE(*PuoÅ5_XKnOP_dKnfdOWVXKnh[zk
VXO`_ Eb_XKOfXhIZ]_XOWfjV  	QEKY[z£Æh[$_dKnOlY[p"¶[O&_dVL¦z{z$HOk]VXpWYmf"k]OWk(¦£_dKnh[Zn_anZnf"Vc_d{qOWVdV& uqp`O










«YX0Z U[\ ( \  	]+0C>^_`+  !a/ cbd  feA!hg"b [\ ( \ bji




n>o  o  p JqxD,E> D EH Á nI Á EH^?\ ½ Â1]G:  ?Ddr ½





t  fdrVd,j'b	dcdjegscprvu'oe d,egf!op?f rtscofd1k rxw l?egk,rud,jr#n'bk d,e d,egf!oegomQfid,jrVdegvQr1nrtk egf pegod,fhd,egvQr1s|gfd,s
``o'N5!
w  {(VL+, 
I_"Ym¥p&h[Znzk _XKnOWqO[[O&q _dh4OWY[p"Kce*f"YmINCOWqE_W 0jh¦5O&[OWfWnVXqp`O3hIfX¦LYmf"k]qnPh[qnzb^lY[f_jh[
_dKnOCcef"YmINCOWqE_dV VZVXO&zOWVdV&<¦5OCpWYmqA[[OY[z{z$f"YmINCOWqE_dVa_XKnO·¦'hIfdV_c¹o_dY[<KnOWfXOWEbk]O&²qnqn _XKnO
Iz{hIYmz(¬ ¯ e knYm_dY[[f"YmN _dY[ X
« X0Z U[\ ( \ (   	]+0C>^	
 : _`+  ! /   bd  feA!hg"b [\ ( \ bji
+0C>^  ¨V?_dKnO! #"oVXN4Ymzz{OGVc_ÆOWz{OWNCOWqE_g{q  VIjlnlHO&qk]£\kl O`\]lnzYmqV?Knh¦±_XKnVÆYmzZnOp&Y[qPOWY[VXz{b
HO¥p`hINPlnZ]_XOGk(%$Q'& VVXO`_3_XhRB[sKubI_dOWV_dh N4Y[¶[OC_XKnOP_"YmI[qn Y[z{Ih[fd£_dKnN¤qk]O&lHO&qk]O&qE_ofdh[N
_dKnOolYm_XK ZVOGk Eb¥_XKnO3´h¦o




¡q«C¬a­5Y4zY:b[OWfXOGkY[lnlnzpWY_d{hIq fdOWVXO&fd[OGVLYmqk]¦k]_XKV ? = ( ? * (   `( ? # qlYIp"¶[O`_"V"ªmV  hIfaOWYIp"Kh[1{_dVzY:b[OWfdV-M(   c(CÆ  O`_! Vjk]O&²qnO3_dKnOoZnlnlHO&fL_"YmPhm?OWYIp"KzY:b[OWfqX
« XMZ 	 &
« XMZ : 	 «YX0Z : @ =*) ? :  
» KnOWqY4knY_"Ym[f"YmN VjVXO&qE_{qzY:b[O&f  u_XKOVb]V_XO&N p`h[NPlnZn_XOWV_XKnOp&h[fdfXOGVlHh[qkn{qn_dY[ X
«X0Z *[\ : ( \ (  (   	 «YX0Z U[\ : ( \ ( +,  )- «XMZ : @ =  ^|«YX0Z *[\ : ( \ (   ) «YX0Z : @ ='. « X0Z :«XMZ # h[_XKnOWfX¦VXO
¦KnOWfXO [\ : V5_XKOozYIVc_L_Xf"YmqVNPVXVX{hIq¥_d{NPOoq zY:b[OWf  ¯Y_"Ym[f"YmN4VjY[fXO3_"YmI[OWkqk]OWlOWqk]OWqI_dz{bq_XKOk]{HOWfXOWqI_zY:bIO&f"V&5ÅÆ_XKOYmllnz{p&Ym_Xh[qVaO`\np`OWOWknV
_dKnOfdOWVXO&fd[OWkYmqk]¦k]_XKP{qPhIqnOhmH_XKnOzY:b[OWfdVW:_XKOjknY_"Ym[f"YmN2VgVXO&qE_g¦{_XKC_XKnOzh¦5OWV_?lfXh[fd£_cb ={q
zY:b[OWfC ) -  ¯Y_dY[[f"YmN4V5fdh[N)_dKnOKn[KO&fjzY:b[OWfdVLKY:IO3_XKnOKn{IKnOWV_j_"YmIVWY[qk¦{zzHOk]fdh[llOGk²fdV_W?¯aOWlOWqk]qnCh[q4{_dV¸=Ymf'VXKYmfdO[uYofdOWp`OW{IO&fg¦zzfdOWp&O&[OjzY:b[OWf!-)( &J(   *(  , -jYmqk4lYmfX_¸hm¨zY:b[OWf 
 / 0RJ2143Ff  6517!598;:<
5b p"KnhuhIVXqn Y±_XKnfdOWVXKnhIzk hIqhIqnOh[£_"V{qE_dO&fX=Y[p`OGV& Y±«¬ ­fdh[Z]_dO&fk]O`_dO&fdNCqnOGV¥_dKnOfdYm_XOh[
OGY[p"K§p`hIqV_Xf"YmqnOWkA´h¦ h[q¢_dKY_C{qE_XOWf=YIp`OI1® OI     I²f"Vc_h[]icOGpº_X[O4Vo_dh_XfdbA_Xh²qk_XKnO
K{IKnOWV_L_XKnfdOWVXKnh[zk^_XKYm_j¦{zz(Znzz{b Z]_d{zWO3_XKnOozqn¶  VjpWYmlYIp`{_cb[ÆJLKnOVXOWp&h[qkh[]icOGpº_d{IO[]VL_XhPKY:IO















































qJ  e t< vIt>  ?J1hPk]OWY[zH¦{_XKO`\u_XfdO&NPOp`h[q[OWV_Xh[qp`h[qk]£_d{hIqVWI_dKnO3VOWqk]qnf"Y_dOaVLk]{uk]OWk^ub4v
¦KO&q_XKnOolnfdh[{qnPfdh[Z]_dO&fLfdOWp`OW{IOWVLqnh4Y[qV¦5O&fYm _XO&fjYPp&O&fX_dYmq_XNCOolHO&fdhuk¨
0aO&fdOYmfdO lHhIVdVnzOoVc_dfdYm_XO&I{OGV'h[fO&Y[z{ZYm_XqnC_XKnOoqE_XOWf=YIp`O V5_XKfXOGVKnhIzk X
Q[  qnOWY[f{qp`fdOWY[VXO  Ã Znz{_XlnzpWY_X[Ook]OGp`fdOWYIVOI$Å$_XKOoz{hEVXVLf"Y_dOV WO&fdh  : 	  : @ =*)  nO&zVO : 	   : @ = ¦£_dK . -[ÆJLKnOkn32¥p`Zz£_cbV5_dhP²qkYmlnlfXhIlnfXY_dOp&h[qV_dY[qE_dV   Y[qk1
v]J  e?®fXO&qknz{bY[VXOWk^h[fdNZnzYmOIÆ­nh[fO&\nYmNPlnzO[]ZVX{q_dKnOJ  e*NPhuknO&z¨lnfdOWVXO&qE_dOWk{q <{QB?>Å
``o'N5!
Q  {(VL+, 
 : 	'&$  : @ = {  : 	]&ChIf7X
 : 	=  C  #0 	   ( =
        : # = (     =  ( *    
	   	  X0!  	  "! (#	    
  : #  %$ X&	 ' "! VXzY[p"¶[OWqV _XKnOPf"Y_dOCh[5¬ ¯ e_Xf"Y'2¥pCh[q¢z{qn¶]V¦£_dK[O&fdb^VXKnh[fX_jk]O&zY:b]V =VXO&OuOWp`_Xh[qJB  
sn a_XKnOWffdYm_XOoY[kYml]_"Y_Xh[qVdp"KnO&NPOWVWuh[fO&\nYmNPlnzO X
 : 	 ( @*)  : @ = )  -,+  ÆhIf" +,&P¦{_XK-( @ . -
 : 	 (  )  : @ = h[f" "	'&n]¦{_XK-(  ,-
JLKnO _dKnfXOGVKh[zk±Y[kYml]_"Y_Xh[q*Ymz[hIfX{_XKnN _dfXOWVC_dhAOGVc_d{N4Y_dO _XKnOY:YmzY[nzO^Y[qk]¦ku_XK*h[q _XKnO
zqn¶<CÅL¦5OCKY:[OPh[qnzb¬ ¯ e2p&h[qE_Xfdh[zz{OGk_dfdY-24pChIq_dKnO4z{qn¶<¨_dKnOPZnqn EZnO4h[]icOGpº_d{IOCV_Xh ²qk¢Y
IhuhukPY[qkPVc_"YmnzOjOWV_XN4Y_d{hIqCh[<_XKnVÆ²n\]OGkPYmqkn¦ku_dK¨ E_Xf"Y_dO&Ibs¦{_XK.(  	-) &0PA(/(@ 	'&$ 0MN 
VXO&OWN4Va_dhlfXhuk]OCY[huh]kY:IO&f"YmIOoYmqkn¦ku_dKAZn_Xz{WYm_Xh[q¨ 0jh¦5O&[OWfWHfd{OWqk]z{qOWVdV HOWp&h[NPOWV3Y[q
VdVZnO¦KnO&q|h[_XKnOWfj´h¦jVWVXZp"KYIVaJ  ep&h[qnqOWpº_d{hIqVWZVXO_dKnOz{q¶Ha»AOKY:[Op"KnhEVOWq|Vc_dfdYm_XOW[b v
_dhOWV_XNPYm_XOP_dKnOP_XKnfdOWVXKnhIzkA{q§YJ  e?®fXO&qk]z{bAN4YmqnqnOWfW4­Z]_XZnfdO4¦5h[fd¶|VKnhIZnzkAHO¥k]hIqnOPh[q¢_XKnO











qO&OWknOWk_XhPfdO`_XfdO&[O_dKnOknY_"YnÆ¡q _XKOVOGp`h[qk pWY[VXO=p`hIqE_XqEZh[ZVknYm_dYPV_XfdOWYmN4V  nY[lnlnzpWY_Xh[qVYmfdO
qE_Xfd{qVp&Y[z{zb|VqnIz{O&®f"Y_dOhIfXO&qE_XOGk(Y[qkA_XKnO4q]h[fdN4Y_d{hIqAf"Y_dOCV3z{NP{_XOWkub_dKnO4¦5h[f"Vc_op"KYmqqnO&z
pWYmlYIp`{_cb54Æ»AOpWYmq Knh¦5O&[OWf5Y[zVXhPOWqnO`²_fXhIN_XKnOoZVOoh[1«¬ ­'
­h[fd¦5Y[fdk¢³ÆfdfXhIf  h[fdfXOGpº_Xh[q =­?³   VlYmfX_Xp`ZnzYmfdzb|¦'OWz{z'Y[knY[l]_XOGk_dh_XKnO^NZnz{_Xp&YIVc_p&h[qE_XO&\E_
Y[qk|pWYmqHOPp`h[NnqnOWk¦£_dK IaS76 =fXO&_Xf"YmqVXNPVdVX{hIqfXOIZOWV_dV  _XhY[p"K{OW[OfdO&zY[nzO_Xf"YmqVNPVXVX{hIq
< vmw'>®eÆfdh]p`OGVXVX{q^lHh¦'OWf Vqnhm_oVZp"KAYmqA{NPlHh[fX_dY[qI_3VXVXZnOhIfo­nh[fd¦LYmf"k³ÆfXfdh[f  h[fdfdOWpº_d{hIq¨<Vqp`O
lHh¦5O&fXZnz¨­?³  lY[p"¶IO`_O&qp`h]k]O&f"VYmqkk]OWp&huknO&f"VYmfdOqh¦lnfdh[lHhIVXOWk¨nY[VXOWk hIqJ1Znfdh¥p&h]k]OWV7< vm}'>®
hIf98gY[qk]OWfXNPh[qk]O'N4Ym_Xfdp&OWVh< s >Å$JLKnOVdp"KnO&NPOGVlnfdh[lHhIVXOWkOWz{h¦©_XKnOWfXO&h[fdO'fdO&zb3h[qP­nh[fd¦LYmf"ko³ÆfXfdh[f
 hIfXfdOWp`_Xh[q^h[fO&fdfdh[f5fXOGp`h[OWfXbI
:  fdrud,j'b	d!Srulsrud,jrf!k,p7;^yabn'byte d=<?> bo?pAofd@;^kb	d,rA>Vd,fQk,rOiLrakxd,fCB j'boof!oD s1yabn'byte d=<FE-f!km!ff p?nl?d1iLf!kdj?r

ego'bkG< rak,bsl?k,r#yTj'bo?ort|  k rtyarte z5rtke d,jqb z5rtkH< j?egm!j 
'bo?p cegp?djbopqb{jegm!jY|gf!ssk,b	dr Lr m Nf!ob egk rt|grtssx|gegoJI 





  kOxA <  J 61	7U2147
 Y:b[OWfXOGk©O&qp`h]k]qn§VXp"KnOWNPOWV4KY:IOHO&OWq lnfdh[lHhIVXOWk< vK]¸snQ5>jh[f4_dKnOh[fdIY[qnWY_d{hIq±h[3knYm_dYYmqk
fdOWknZnqknY[qp`b=­?³   lY[p"¶[O&_dVWJLKnOGVO5h[fdIY[qnGY_d{hIqVXp"KnOWNPOWV$O&qY[nzO'fdOWp&O&[O&f"V(_dh fdO`_dfXO&IOg_dKnO5kY_dY
q©Ymq§Y[z{NPhIV_h[ln_XNPY[zg_d{NPO[?fdO&EYmf"k]z{OGVXVh[5_dKnO&ffdOWp&O&Eqnf"Y_dO[$° O[ hmL_XKO¥quZnNHO&fh[zY:bIO&f"V
ichI{qOWk(¬ Vqn_XKnOC_"Ym[I{q^Ymz[hIfX{_XKnN¤lfXhIlhEVOGk{q uOWp`_Xh[q¢snQ[ v]H_XKnV3KnO&f"Ymf"p"Knp&YmzzbOWqp`h]k]OGk
kY_dY¢p&Y[q HO|VXO&qE_4h[q YVX{q[zO NZnz{_Xp&Y[V_4[fdh[Znl  h[q[OWV_Xh[q V4Y[Z]_XhIN4Y_Xp&Y[z{zb©p`hIqE_Xfdh[zz{OGk©q
_dKnO4qnO&_c¦'hIfX¶|ub_XKnO4«¬ ­fdh[Zn_XO&f"VW¥SOWp&O&[O&f"V3zV_XOWqA_dh_XKnO^NZnz{_Xp&YIVc_o[fdh[ZlAZnqE_d{z¸_XKnOWbKY:IO
OWqnh[Z[K©q]h[fdN4Y_d{hIq hIfX[qY[z'knYm_dY fdOWknZnqknY[qp`blYIp"¶[O`_"V  _Xh¢fXOWnZnzk©_XKnOhIfX[qYmz¸²zO[±JLKnO
hIqnzbOWOWk]YIp"¶AqO&OWknOWk§VYm__dKnO^OWqk§hm_dKnO¥_dfdY[qVO&fG_dhq]h[fdN _XKnO VhIZnfdp&OP_XKYm_C{_CpWYmq©V_XhIl
_dfdY[qVXNC{__d{qgJLKnOknYm_dYCh[fdIY[qnWY_d{hIq^lnfdh[lHhIVXOWkq < v-K'>1p`hINnqnOWk¦{_XK_XKO3_dYmI[qnPYmz[h[fd{_XKnN
°snQ[ v  ÆO&qY[nz{OGVCZV_Xh¢KY:[O Y|²qOIfdY[qEZzY[fX{_cbAhIq©_dKnOfdOWp&O&l]_d{hIq±f"Y_dO[¸Y[qk§_dKEZVCYIp&p&h[NPlnzVXK
qOWYmfX®_XhmÅh[ln_XNPY[zfdOWp&O&l]_d{hIq^_d{NPOI





















_dKnOzh¦5OWV_azY:bIO&f VLYmqk]¦ku_dK¨(Ymqk_dKnOHOWV_ fdOWp&O&u{qn^fdYm_XO[_Xh Y:[h[k [OWqnO&f"Y_d{qn4ZVOWz{OGVXV ­$³ 

























for session 2 = 1.25
­${IZnfXOosNXÆ¡qnO52¥p`O&qE_Hhm__dz{OWqnOWp"¶z{qn¶Z]_Xz{WYm_Xh[q
  0 !1H18!8 8 : U	,1H7!7
JLKOCY[VXpClnfd{qp`lnz{O4h[5«¬a­ ²z£_dO&f"V3V3_dKY_o_dKnO&bAlnfdhEk]O_Xh|Y´h¦ O&{_XKnOWfYmzzÆ_XKnO4Ymqk]¦ku_dK
fdOWp&O&[OGkfXhIN ZnlV_XfdOWY[N ® OI±lYIp"¶[O&_dVfXhIN _XKnV´h¦ Y[fXOYmzz5_dYmI[OGk©HO&zh¦_XKnO _dKnfXOGVKh[zk  
hIf_XKnOPN4Y\]NZnNYmqk]¦ku_dK¢Y[z{zh]p&Y_dOWk|_XhYmzz?´h¦jVh[qA_XKnV3z{qn¶ ® OI     ¦KnO&fdO  V_XKnO
_dKnfdOWVXKnh[zk  ?JLKnVÆzOWY[kV$_XhoqI_dO&fdOWV_Xqn=YmfXqOWVdV?lnfXhIlOWf_d{OGV&mYIVgk]O&²qnOWkCq < }>ÅuVZp"KPY[VÆVdYmNPO&®lYm_XK]
fdOWp&O&[OWf®=YmfXqOWVdV&3SOWp&O&[OWfdVYmfdOqnh[_p`h[qVc_dfdY[{qnOGkubhm_dKnO&f3NPO&NOWfdVhm¸_XKnOP[fdh[Zl¨ 0jh¦5O&IO&fG
¦5Ook]hPqnhm_aY[z{¦LY:b]V¸KY:[O3[zh[Y[z<NPYm\u®NPq^=Y[{fdqnOWVdVY[VVXKnh¦q h[q­${IZnfXOos





V3NPOWYIVZnfdOWkub_XKnO  ½ Â1EÂ$NE1 ¾ k]O`²qnOWk¢q < }>'YIV _XKnO4f"Y_d{h O&_c¦'OWO&q¢_XKOCYmqk]¦ku_dK¢ZVOGk
ubY^´h¦2h[q¢Y¥z{qn¶|Y[qk_dKnOCNPYm\]{NZnN¤Ymqk]¦k]_XKfdOWp&O&[OGkubknh¦qVc_dfXOGYmNÄfdOWp`OW{IO&f"Vjh[g_XKnO






 /  1H  7 7v5  









  ('e)|fdOWp`OW{IO&fLfG  ' "!   
	 !     "!
JLKnVgIZYmf"YmqE_dO&OWV$_dKY_'h[f'O&[OWfXbfXOGp`O&[OWfWIqnh[fg_XKnOJ  e§p`h[qqnOWp`_Xh[q¨Eqnh[fg_XKnO¬a¯e§NZnz{_Xp&YIVc_
p&h[qnqOWpº_d{hIqop`h[zzYmlVXOWVWcIjllOWqk]{\ VXZnI[OWV_dV(_XKnOÆhIz{zh¦qnYmzZnOWV<hIf  YmqkX  	 

  # #  = Y[qk 	 

  ¦KnOWfXO&	  : # Ymqk 	   Y[fXOCHh[ZnqkVoh[qA_XKnO4fdh[Zqk|_dfXlA_XNCOI 	  "! V3_XKnONPqnNZnN fdh[ZnqkC_dfXlP_XNPO p&h[qVXknO&fdOWkCh[f¸_XKnO p`h[NPlnZn_dY_d{hIq4hm(_dKnOj_dKnfXOGVKh[zk  uOGpº_Xh[q¥s v  Ymqk
CAV_XKnOoN4Y\]NZnN qEZNHO&fhmÆp`hIqn[OGVc_dOWk^z{qn¶]V&
»¢O3KnO&fdOp&z{OGYmfdz{b¥VXO&O _XKOYIV'h[$J  e*YmEYmq¥z{hIqnCfXhIZnqk4_dfXl_XNCOGVLYmqkNZnz{_XlnzOop`h[q[OWV_XOGk
EY_dO&¦LY:buVWuVqp`O_dKnOoz{h¦hIZnqk  f"Ymlnk]zb^k]OGp`fdOWY[VXOWVLYIV 	   YmqkmCA{qp`fdOWY[VXO[
ÅL¦'O4p&h[qVXknO&f 	  : # 	 N   9	   	 N$&)&   1¦£_dKh[qnzb|h[qOCHhm_X_XzO&qnOGp"¶hIqAOGY[p"K¢lY_dK C 	-  nYmqk-	  "! 	'N)&   ]¦5Op&Ymq [[O _XKO3h[zz{h¦qnPhIZnqknVLhIq =YmfXqnOGVXVX
 	 - &)&( 	 -`&
Å<_XKOWVXOhIZnqknVgY[fXOqhm_¸VdY_XV=Y[pº_dh[fdb[mY[qnhm_dKnO&fÆ¦LY:bhm<O&qnh[f"p`qn3=YmfXqOWVdV?¦£_dKPJ  eV?_dhoZVO
p&zYIVXVjY[VXOWk EZnOWZn{q¥O&_c¦'OWO&q|J  e$<¬a¯ep`hIqE_Xfdh[zz{OGk^_dfdY-2¥pmY[qk¬a¯e?Åqnh[qnÅp&h[qE_Xfdh[zz{OGk_Xf"Y'2¥pm
«¬a­ fXhIZ]_XOWfdV¦{zz[OGVc_d{N4Ym_XOg_dKnO'Y:Y[{zYmnzOÆY[qk]¦ku_XKh[f1¬ ¯ eÆÅp&h[qE_Xfdh[zz{OGk_Xf"Y'2¥pm¡qI_dfdYm®lfXh[_Xh]p`hIz
=Y[{fdqnOGVXV5VjY[p"KnO&IOWk^¦£_dK_dKnO3_dY[[I{qnCNPOWp"KY[qnVN
  #?2  `
3!?#`+/
»¢O3VNZnzY_dOWk^«¬a­§¦{_XK^_XKnO# ¥VX{NZnzYm_XhIfq< sm'>ÅÆ¡q¥_dKnO3p"KnhIVXO&q4_dh[lHh[zh[Ib[E_XKnOWfXOYmfdOa_cbulOGV'h[
fdOWp&O&[OWfdV IjdQIIcv] '"Q[ 'cv]$SOWp&O&[O&f"V IcvYmqk'¡v VKYmfdOLY3p&h[NPNPh[qY[qkCZnqn EZnOLh[__XzO&qOWp"¶








Y[qk JLKnOHhm_X_XzO&qnOGp"¶^Y[qk]¦ku_XKVjhm?_dKnO I"QYmqk¸"QofdOWp`OW{IO&f"V5:Y[fXbO&_c¦'OWO&q )s jªVLYmqk
:B s jªmV&VIjzz<qnh]k]OWVLVXZnVdp`fd{HOj_dhCY[z{zHNZnz{_Xp&YIVc_5´h¦jVWI¦Kp"Kh[fd{I{qYm_XOfdh[N _dKnO3VXY[NCOVhIZnf"p`O[
]{NZnzYm_Xh[qV5YmfdOafdZnq^h[fQ   VXOWp`hIqknVWÆJ  e±Ymqk^¬a¯e lY[p"¶IO`_dV5YmfdOaHhm_dKQ  EbE_dOWV5z{hIqnVIjzz
_dKnOoz{qn¶]VLKY:IOoY B N4VjknO&zY:b[
 !`xrtvQrav 
-rakdj'b	dck rtyarte z5rtk s1bk ruytf!osegprtk rtpAb	dxdk,bos,nf!k^d|b/<5rtk/E?e rWb#ofprurtv 






















f"Y_d{hCVj} B  Ymqk{_dV¦5h[f"Vc_LYmzZnOoVw    h[fjY4VXNZnzY_d{hIq¦{_XKt'KfdOWp`OW{IO&f"V  1«C¬a­©_XKnOWfXO&h[fdO
NPOWO`_dVh[ZnfN4Ym\EÅNP{q¢=Y[{fdqnOWVdV3h[nicOWpº_d{IO[^JLKO4_XKnfdOWVXKnhIzk¢Y[knY[l]_dYm_Xh[qNPOWp"KY[qnVN  E_dfdYm_XO&Ibs 
fdOWVXZnz{_dVoq©YVXz{[KE_qnO&_c¦'hIfX¶|Zqk]O&fdZ]_d{zGY_d{hIq	=YmllnfXh:\]N4Y_XOWz{b B_Xh§Q    $¦Knp"K§O&\]lnzY[{qV3_XKnO
Y[z{ZnO3h[$} B ^EZ]__XKnVNPlY[p`_dVLO!EZY[z{zb4h[qYmzz<_XKOfdOWp&O&[OWfdV'¦KnhP[O&_Y[lnlnfdh:\]{N4Y_dO&zbC_XKnOW{fL=Y[{f
VXKY[fXOI
¡q _dKnOVXOWp`hIqk*VNZnzY_d{hIq¨L¦'O|VXKnh¦ _XKYm_^«¬a­ YmzVXh¢I{IOWVP{_dV¥=Ymf¥VKY[fXO_dh§fXOGp`OW{IO&f"Vh[
qh[q[fdO&OGk]b¥VhIZnf"p`OWVWÆ¡q _XKnVaVXNZnzY_d{hIq¨(Q?BNZz£_dpWY[V_aVOGVXVX{hIqVL¦5O&fdO3V_dY[f_dOWk([O&qO&f"Y_Xqn  LS
_dfdY-2¥pY_af"Y_dOWVa:Y[fXbuqn4HO`_c¦5O&O&q§QBks jªVjY[qk|vB ks jªVWj­1[ZfXOtPVXKnh¦jVj_XKnOfdYm_XOWVjfXOGp`O&[OGk
hIffXOGp`OW{IO&f"V'¦{_XKYmfdh[ZVk]OWN4YmqknVWgSOGp`O&[OWfdVLh[$qh[q [fdO&OWknb^VhIZnf"p`OWVWu° O[g_XKYm_aY[VX¶¥z{OGVXV_XKY[q
_dKnO&f5=YmfVKY[fXOI]YmfdOa[[OWqY[z{zH_XKOfdO!EZnOGVc_dOWk^Ymqkn¦ku_dK¨nYmqk¥²z{_XOWfXqnPp`hIqp`OWfXqV'h[qz{bP_dKnO3NChEVc_
IfXOWOWk]bP´h¦jV&?»¢Ooqnhm_dO _dKY__dKnOVXZnN h[1fdOWp`OW{IOWkfdYm_XOGV'VjY[lnlnfdh:\uN4Y_dO&zbQ Ã ªmV&
JLKnO5_dKn{f"kCVNZnzY_d{hIqlnfdOWVXO&qE_"V¨_dKnOLOWKY:u{hIf1h[_XKO5«¬a­_"Ym[I{q Ymqk²z{_XOWfXqnNPOWp"KY[qnVXN4V&
e?YIp"¶[O`_?_"YmIV¸YmfdO'_dfdYIp`OGkhIO&f$_XKOQ Ã ±z{qn¶<IY[qkP­${IZnfXOjw3lfXOGVOWqI_"V$_XKnOW{f5k]Vc_dfXnZ]_d{hIq¨$­$fdV_WI¦'O





















20.00 40.00 60.00 80.00
­$[ZnfdO BHX SOGp`OW{IO&f V^fdYm_XO©ª§N4Y\uÅNP{q =Y[{ff"Y_dO|h[fY YmfdbEqn©quZnNOWfhmfdOWp&O&[O&f"V^Y[qkB
NZnz{_Xp&Y[V_[fdh[ZnlV





















Bandwidth obtained (in KB)












50.0000 100.0000 150.0000 200.0000
­${IZnfXOtX 5Y[qk]¦ku_XKVXKYmfdOoYmNPh[qn Q?BqnhIq]Å[fdO&OWknb4[fdh[ZnlV5hIO&f'_XKnO4Q Ã  z{qn¶
&)&)&lY[p"¶IO`_dVºªVXOWp&h[qkV¸p`hIfXfdOWVXlHh[qknVg_XhC_XKOYmqk]¦ku_dK Y[z{zh]p&Y_dOWk^lOWf'´h¦h[q_XKnOCQ Ã  z{qn¶_XKnO
VXNZnzY_d{hIq*¦LY[VPfdZnq ¦{_XK B¢[fdh[ZlV  5Y[z{za_dY[IVPHO&zh¦ _dKnO_XKfXOGVKnhIzk Y[fXOZVXOWk(  ZnfP_"Ym[I{q
Y[z{Ih[fd£_dKnN _XKuZVjlnfXhuk]OWVLp&h[fdfXOGpº_WuZnq£hIfXN Y[qk O52¥p`O&qE__"Ym[I{q
­$[ZnfdOjwoYmzVhoVXKnh¦jV?_dKY_glYIp"¶[O&_Æh[fd¦5Y[fdk]qnfdY[lnk]z{bCk]OWp&fXOGY[VXOWV?Y[VÆ_dYmEVÆfdOWY[p"K_XKOL_XKnfdOWVXKnh[zk(
JLKV lnfdh[OWV5_dKY_ _XKnOCY[qk]¦ku_XK|OGVc_d{N4Ym_Xh[q|Ymz[hIfX{_XKN V EZn{_XOCVc_"YmnzO[ JLKnOzhIVdVjlnfdh[Ymnz{{_cb[
knZnO3_XhC_XKO3_XKnfdOWVXKnh[zk Y[knY[l]_dYm_Xh[q NCOGp"KYmqVXN]VY[lnlnfdh:\uN4Y_dO&zb^v_dh4s  ¥
­$qYmzz{bIIhIZnfgzY[V_¸VO&_ghm¨VX{NZnzYm_Xh[qV¸VKnh¦jV$_dKY_'¦'OjYIp"Kn{OW[OHh[Znqk]OWkC=Y[{fdqnOWVdV?HO`_c¦5O&O&q¥¬ ¯ e
p&h[qE_Xfdh[zzOWk_dfdY-24pYmqk J  e p&h[qnqOWpº_d{hIqVW§¡q OGY[p"K±VX{NZnzY_Xh[qg¦'O KYIk±Ymq O!EZY[z5Y[NChIZnqE_Ch[
¬ ¯ e2´h¦jVY[qk§J  e p`hIqnqnOGpº_Xh[qV&0aY[z£h[_XKnO^J  e.p`h[qqnOWp`_Xh[qVO&qkq I_XKnOhm_dKnO&fKYmz{
O&\u_XO&qkC_XhY[q9Icvqnh]k]O[ÆJLKnO¬a¯e´h¦ Y[p"K{OW[OWVÆ_XKnOaVdYmNPO_dKnfdh[ZnIKnlnZ]_¸q¥Hhm_dK¥p&Y[VXOWVW[¦KO&fdOWY[V
_dKnOJ  e p&h[qnqOWpº_d{hIq YIp"Kn{OW[OGVY¢VN4Y[z{zO&fC_XKfXhIZn[KnlZ]_hIfC_XKnOIcvfXOGp`O&[OWfWgknZnO _XhA_XKnOnY[V
Y[IY[{qV_jzh[qn4fdh[Znqk _Xfd{l_d{NPOWVWj»¢OVXO&O[Knh¦5O&[OWfWn_XKYm_ qnOW£_dKnO&fa_XKnO¬ ¯ ep`hIqnqnOWp`_Xh[q¨qnh[fa_XKnO
J  e±p`h[qqnOWp`_Xh[q¥p`hIz{zYmlVOGV&EYmqkC_dKY_'_XKnO fdYm_Xhhm<_XKO&f¸_dKnfXhIZn[KlnZ]_'V_dY:b]Vg¦{_XK{q4_dKnOalfXOGk]p`_XOGk
Hh[ZqknV H	  : #  BmN4VW 	     B[N4V&5	  "!  QBmN4VWAC  Q  X







Density of packet tags x 10-3













0.0000 50.0000 100.0000 150.0000 200.0000 250.0000










lfXhIlhEVO5_XhlnZ]_¸_dKnO_"Ymoq¥YomÅubI_dOWV?ce§hIl]_Xh[q[¦{_XKP_XKO $ W 	´Y[VO&_W[_Xhp&h[lub_dKnOjh[ln_Xh[q4q
OGY[p"K4cef"YmINPO&qE_W?e?Y[p"¶[O&_g_dY[[I{qnV'k]h[qnO {q¥_XKnOVhIZnfdp&O V¸VXb]Vc_dO&N[_dKuZV¸¦5h[fd¶u{qo¦£_dK¥O`\]Vc_d{qn
Y[lnlnzpWY_d{hIqV&0jO&f"Ymf"p"Knp&Ymz1Ymlnlnzp&Y_d{hIqV_dKY_3¦VK_dhk]O&²qnOPk]fdh[l|lnfdOWp&OWk]OWqp`OYmNPh[qn^lY[p"¶IO`_dV










Source / node A





















5.0000 10.0000 15.0000 20.0000





<{Q>7I  O&Ih[Z]_G¨xnjhIqnqnOWqnN4Y[p"KnOWfW<Ymqk³(»2 'O&f"VdY[p"¶<5·LYmqk]¦ku_dKAYmzzhupWY_d{hIqlhIz{p`OWVah[f




< v'>oSaYicO&qk]fdY sPuxIYmq¨u¯ Y[K] Ã {q»2  KnZ¨]Ymqk^» {zz{YmNSo0 Y:¦'OI·aI EZYmqE_X{_dYm_X[O NCOGY[VXZnfdO
h[=Y[{fdqnOGVXV?Ymqkk]Vdp`fd{NPqY_d{hIqhIfÆfXOGVhIZnfdp&O'Y[z{zh]p&Y_d{hIqqPVKY[fXOGkp&h[NPlnZ]_dO&fgVXb]Vc_dO&N ¹J1OWp"K¨
SjO&l¨JSÅs nQ[]¯³    £_X_XzO`_dh[q¨ Ã I uO&ln_XO&NOWfQW}Iwm
< s->o¯ NC{_Xfd 5O&fX_dVXO&¶Y[VAYmqk Sh[HO&fX_ 3Y[z{zYmIO&fG  'O ,& $-+  
ºPp"KYml]_dO&fKnClnl¨ B[vmHB[vm}
egfXOWqI_dp&O`O0aY[z{z®(QW}IwEtu
< >o­fdY[qn¶s3O&zz{bI?·  KYmfd[qn4Ymqkf"Y_dOp`hIqI_dfXhIz(h[faO&zY[V_Xp3_Xf"Y'2¥pm ¹h+$ '*  H+'*N
5 5 $'*N
 $'*
 L	$ *N -, $-*H
ºIh[z®uwnlnl¨s[s]sEt]QG}[}Et]
< B'>o­5 e$Hs3O&zz{bIHI sP Ã YmZz{zhuhnYmqk¯ sP 0J1Y[q¨<·XSjYm_XOop`hIqI_dfXhIzHh[fp`hINCNZnqnp&Ym_Xh[q qnO`_c¦5h[fd¶]V
XVXKY[k]h¦lnfdp&OWVWLlnfXhIlhIf_d{hIqnqY[zL=YmfXqnOGVXV^Ymqk V_dY[n{z{_cb[ ¹H$'+!*S'q$a4,8: H+' $'**W'
q!
'+	!8S$?5  [h[z®]I}]lnl¨v[sEt]vBIv]QW}[}Iwn
< K->70aZY:bIY[q IaNb»YmqY[qk Ã Vdp"KY ]p"Ku¦5Y[f_ [·Ip"Kn{OWu{qn Hh[ZnqknOWkA=YmfXqOWVdVahIfoNZnz{_Xp&YIVc_
Y[qk_dp&l_dfdY-2¥p q _XKnOoqE_XOWfXqnO&_W ¹qJ +$ '6*:'
 $t4  @(W3 $	 
m uO&ln_XO&NOWfQW}I}[w
< t>3¡qmich[qn|SKO&O[ aY[z{zY_dKYmNnLYmzzYm[ZfXZ¨1Ymqk O&hIfXIO 1ShIZVX¶:YIV&P· Ã _dp`l X np&YmzYmz{OP_"p`l]
z¶[Op`hIqn[OGVc_d{hIq±p`hIqI_dfXhIz¸hIfPfXOWz{YmnzO NZnz{_Xp&YIVc_G ¹ J1OWp"K?SjO&l¨gJSL¡}[wm Q[Æ¯ O&lY[f_dNCOWqE_Ph[
 hINPlnZ]_XOWf ]p&{OWqp`OI jh[fX_XK  Ymfdh[zqY u_dY_dO¬jqn[OWfdVX{_cb[xIYmquZYmfdbQW}I}[wn
< w->]Znlnf"Y_X¶ 5KY_X_dY[p"KYmfdbEbEYn$¯ahIq J1h¦jVzO&bI$Y[qk±x[{N s3ZnfdhIVXO[·JLKO^zhIVdVlYm_XK±NZnz{_Xlnz{p`{_cb
lfXhInz{OWN q NZnz{_Xp&YIVc_^p&h[qnIOWV_Xh[q p&h[qE_Xfdh[z® ¹ q h+$?	-6* -





qO`_c¦5h[fd¶P=YmfXqnOGVXVW ¹{qRh+	$ '6* -
 $t4  @(1% &A('h ( 

[1QG}[}[}
<Q ->3JLYmqmicox[Ymqnj³Æz{zO&q»2*)<O&[ZfdYjYmqk Ã hIV_dY=Y IjNPN4YmfG.·c¡qE_XOWfÅfdOWp`OW{IO&fP=Y[{f NZnz{_Xp&YIVc_
p&h[NPNZqnpWY_d{hIqhIO&f5_XKnOoqE_XOWfXqnO&_W ¹qJ +$ '6*:'









<QGv'> (x[Y[N4Ymzhukk]{q h[zOWV_dY[qn¨Ymqks3fdVXKYmqsP ]YmnqYmqn®¨·­ZnqknY[NCOWqE_dYmz(hIVXO&fd:Ym_Xh[qV'h[q NZz£





<QWs->3J1h]knk Ã h[qE_XIh[NPO&fdb[m·  hEVXV_XhIz{OWfdY[qI_$fdYm_XOLp`hIqI_dfXhIz{zO&fz{_Xf"p   ¹JOGp"K¨SO&l YI HIÅA8C8j¡}Et: Q[QI
qI IIaZn[ZV_QW}I}Et]
<Q&> Ã Ymfd¶ 0 Ymqknz{OWb Y[qk ]Y[z{zb ­$z{hb]k( · E_dfdY:¦N4YmqVXlHOWp`{²pWY_Xh[qh[f_dp`lfXO&qk]z{b =fXOWz{YmnzO 
NZnz{_Xp&Y[V_gp`hIqn[OGVc_d{hIqp`hIqI_dfXhIz  _N4pWp   ¹lnfXhIlhEVOGko_dha_dKnOS Ã N4Y[{z{q zV_W jhIO&NHO&f5QW}I}[w
``o'N5!
v   {(VL+, 
<Q?B'>ox[{_XO&qk]fdYe$YIk]Kub[OI8 p`_Xh[f5­${fdh[Z¨I¯ h[qJh¦jVXz{OWb[EYmqk^x[N s3ZnfdhIVXO[n· Ã h]k]O&zqno_dp&l4_XKfXhIZn[K]
lZ]_ X I VNPlnzO§NCh]k]OWzYmqk{_dVO&NPlnfXp&Y[zoYmzknYm_Xh[q¨ ¹ q h+$?	-6* -
 $a4  @(1   & 
( h ( 
m$QW}I}[w
<Q K->3¯ h[fd[KYmN uVXY[z{OWN Ymqk 0aO&qnq{qn ]p"KuZnz&fd{qqnO[·JLKnOz{hEVXV¡k]O&zY:bAY[VXOWk©YIk:icZV_XNPO&qE_¥Ymz[h[
fd{_XKnN X#Iµ_dp&l]®fXO&qknz{b Y[knY[l]_dYm_Xh[q¨ ¹^{qRh+	$ '6* -
@$t4 '-:  2.  
[]x[ZnzbQG}[}[w
<Q:t>3¯ h[fd[KYmN uVXY[z{OWN (­fdY[qn¶³ÆN4YmquZnO&z®¨YmqkJ0jOWqnqnqn np"KEZzWfXqnqnOIa·JLKnOCk]fXOGpº_oY[k:icZV_XNPOWqI_
Y[z{Ih[fd£_dKnN XuIµ_dp`ln°fd{OWqk]zb^Y[kYml]_"Y_Xh[qVdp"KnO&NPO[ ¹ J1OWp"K¨nSjO&l¨  Ã ¯ ­h[¶uZVWNIjZ[ZV_oQW}[}utu
<QWw->+$gZYmq 3Ymh4Ymqkx[O&qqn£OWf  N0jhIZ¨·XSjY[p&hEhIN XVIf"Y_dO`ÅY[VXOWkp`hIqn[OGVc_d{hIq p&h[qE_Xfdh[z(Vdp"KnO&NPOh[f
NZnz{_Xp&Y[V_dVW ¹µJOGp"K¨¨SOWl¨{$JLKnO  Knh u_dY_dO4¬jqn[OWfdVX£_cbI¨¯aOWl]_Whm³Æz{OGpº_dfXp&Y[zg³Æqn[qnOWO&fd{qn{
QG}[}I}n






< v-> u_XO&IO&q Ã p  Y[qnqnO[8gY[qAx[YIp`hIVhIq¨Y[qk Ã YmfX_Xq 8ÆO`_X_XO&fdz°j·XSOWp&O&[O&fX¡k]fX[OWqzY:bIO&fdOWkNZz£_d£
pWY[V_W ¹qJ +$ '6*:'
 $t4  @(  &A( { ( 
  1QG}[} Kn
< v]Q>  h[fdO&q Wh 8ap`VXY[qnh  Zn[ S &h5Y[qk xmhIq  fdh¦Lp`fdhm _W ·J$p`ln®z{¶IOp`h[q[OWV_Xh[q p`hIqE_Xfdh[z5h[f
zY:b[OWfXOGk¥NZnz£_dpWY[V_aknY_"Y_Xf"YmqVO&fG ¹^qRh+$?	-6* -
 $a4  !"  !*?45$ $ 
4m$QW}[}Iwn
< v[v'>3JLK{OWfXfdb§JZnfdzO`__d° ]Y[p"KY­nhEVXVXOe$Y[fXVXVWgYmqk*xmOGYmq 5hIz{h[_W¢·X³?\]lHO&fd{NPO&qE_"V¦{_XK YAzY:bIO&fdOWk
_dfdY[qVXNCVdVh[qVdp"KnO&NPOoh[OWf5_XKnOqE_XOWfXqnO&_W ¹AJOGp"K¨SOWl¨SaSLÅsEvm} Knu aStI ah[OWNHO&foQW}I}Et]
KE_X_XlxX ª[ª¦¦¦o qnfdY f`ªSjSaS$JaªmSjSL¡sIv[}Kn KE_XNPz®
< vms->    O&uqnO3Ymqk xn xn 3Y[fdp&Ym  ZnqYOIp`OW[OGV&·¡NPlnfXhuqnqE_XO&fdqnO&_LNZnz{_Xp&Y[V_L¦£_dKfdh[Z]_d{q
zYmHO&zVW ¹§{q  +$   !  !*T+!*W-, $-*W-{(#$'*?455+	5*S	=$-*  ,& $-+   +$'O$ $-g
ºp`_XhIOWfQW}I}Et]
ll¨vQ HBn
< v> Ã p"KY[O&z  ZEbY[qk  h[fdO&q WhC8 p&VdYmqnh[·a0aO`_dO&fdh[[OWqnO&hIZV¨NZnz{_Xp&Y[V_Æp`h[q[OWV_Xh[qp`h[qE_dfXhIzIYIVOGk
hIqfXhIZ]_XOWf5lY[p"¶[O&_L²z£_dO&fd{q ¹¯ah]p&ZnNPO&qE_ VXO&qE_L_XhC_XKnOS Ã N4Y[{z{qCzVc_GxmZqnO4QW}I}[}n
< vB'> ]KEZ  Z¨· Ã Zz£_dpWY[V_p`hIqn[OGVc_d{hIq|p`hIqI_dfXhIz° ¹¯ah]p&ZnNPO&qE_VXO&qE_a_dh¥_dKnOCS Ã N4Ymz{qn^zVc_G(x[ZnqnO
QG}[}I}n
< v-K->AIaqE_Xh[qnO  zO&fd[O`_3YmqkA»YmzkA¯ Y[nhIZVW3·  fXEYmqn&qn^kY_dY^_Xf"YmqVNPVXVX{hIqh[f3fdO&zY[nzONZz£
_dpWY[V_h[OWfVdY_XOWz{z{_XO¥z{q¶uVW ¹ q h+$?	-6* -
 $t4  #4+! $ ( (x9(  
+ !*T+!*W-*W&h%$ 	'
@5& $'+ 6* [J1ZnqnVW pº_XhIOWfoQW}I}[wnulnlHtuQ uw 
< vIt>»2Sp"KYmf"k E_dO&IO&qVW  #(c    !6:
!+'OnIh[z®<Q[nlnlvm}[}us nQ[1Iknk]VhIq»¢OWVXzO&b[QW}[}[
< vmw->ox[h[fd jhIqnqnO&qNPYIp"KnO&fGL³ÆfXqVc_ 5O&f"VXYIp"¶<'Ymqk*¯ h[q J1h¦jVzO&bI·e?Ymfd{_cbIÅYIVOGk©zhIVdV4fXOGp`hIO&fdb
hIf3fXOWz{YmnzONZnz{_Xp&Y[V_a_dfdY[qVXNCVdVh[q¨ ¹±qh+$?	-6* -







< vm}->ox[h[Kq±»25b[O&f"VW Ã p"KY[O&z  ZnubI Ã p"KYmOWz Ã {_ WO&qnN4YIp"KnO&fGgYmqk IaVXKuZ]_XhEVK±SjO&[OIA·I k]m
{_dY[zghIZnqE_dYmq©YmllnfXhEY[p"KA_Xh|fdO&zYmnzO¥k]Vc_dfXnZ]_d{hIq§hmnZnz¶§knY_"Yn ¹ {q h+$?	'6*:'
 $a4  @(1
  &A( h ( 
4m uO&l]_dO&NOWfQW}I}[wn
< s ->  Zn[?S &h·X³?<OWp`_X[OOWfdYIVZfXOp&h]k]OWVah[ffXOWz{Ymz{Op&h[NPlnZ]_dO&f3p`hINCNZnqnp&Ym_Xh[q|lnfdhm_dh]p`h[zVW ¹
(#$ WT+=(#$@* 	-, $-* q5U? &ÆNIjlnfdzgQW}I}Etu
< snQ>  h[fdO&q Wh 8 p&VdYmqh · ahm_dOWV h[q Y p`ZnNZnzYm_X[O zY:bIO&fdOWk hIfXEYmqnWYm_Xh[q h[
kY_dY lY[p"¶IO`_dV YIp`fdhIVdV NZnz{_XlnzO V_XfdOWYmN4V ¦{_XK kn£<O&fdO&qE_ f"Y_dOWVW ¹ ¬aqn[O&f"VX£_cb
 hIz{zO&IO  h[qknh[q¨  hINPlnZ]_XOWf ]p`O&qp&O[ SjOWVXOWYmf"p"K ahm_XO S%3ª}IwEªmv B] QW}I}[w
KE_X_XlxX ª[ª¦¦¦o pWV& Zp`z® Y[pm Zn¶ª:O&\u_XO&fdqY[z ª   8ap`VXY[qnhuªlnZnnHªzY:bIO&f"V` lVW  [
< sIv'>ox[h[fd jhIqnqnO&qNPYIp"KnO&fY[qk³ÆfdqVc_ 5O&f"VXYIp"¶<· np&YmzYmz{OCO&OGk]YIp"¶|h[fVdY_dO&zz{{_XO4fXhEY[knpWY[V_dVW ¹
q  @(1 % !" R$ !O(#$	 
  $'+ ?
8:$  $-* 'O566O'
	 !*?45$'+ =' $'* S+!U  5
 '
     
 :pº_dh[HO&foQW}I}Et]Ell¨¨Q?B]vnQ[
< s[s-> nYmzz{b ­1zhb]kYmqk-8gYmq|xIY[p&h[VXh[q¨·  q_Xf"Y'2¥p3lnKYIVO3O`<OWp`_dVa{qlYIp"¶[O`_XÅVX¦{_dp"KnOGk^EY_XOW¦5Y:b]VW ¹
 5*NO5+!*S5& $'+ 6* 
	'Y5
5-+!8 '*W +! *W`]Ih[z®]snuqnhnsulnl¨(Q[QB<Q?B-K uOWl]_XOWNHO&foQW}I}Ivn
< sm> u_XO&IO Ã p  YmqnqnOjY[qk]YmzzbC­$zhbuk¨u·X¬ap&Hª:znqnzª:uqI_gqO`_c¦5h[fd¶VNZzYm_Xh[f =qV  [OWfdVXh[q4v]Q&Bn ¹
KE_X_XlxX ª[ª¦¦¦L®N4Y[VXK¨ p&VW HO&fd¶[OWz{OWb[ OWk]Z<ª:qVºªuQW}[}I}n
``o'N5!
vIv  {(VL+, 
   Aj/^#  A-.+2  ¥!$#W/^  
	

0aO&fdO3VY[qY[z{Ih[fd£_dKnN _Xh¥p&h[NPlnZ]_dO3«YX0Z  [\ ( \ ( ,  X 
   O&_ [!	 *[\ /   b v  
   O&_ ! = 	  \ /   b v 
   O&_ !	
- ! = { ! = , [!! = ) - { ! =  [!
   O&_ C 	R+MC>^_  gh3 e & :  ! , & :  [! "! , , -)i
   O&_f^HO3_XKnO3hIz{zh¦{qCfdOWp&Znf"V[OaZnqpº_d{hIqX  X2( ? ( "(C¢YmfdO3{qE_XOW[OWfdV 
^  X2( ? ("(OC  	#$ % & { C 	R&^     =* ./ &$#A@ = b (&('* 0("(OC,- {  .*) )&^    * M(& ' @ =* m/ &$#J@ = b ( , ) (OC,- ) &)#A@ = { +! ) )&
Ymqk ) 	  ? , X f/ & # b ) - - £ÆYPYmqkYmfdO3O&[OWq& hm_dKnO&fd¦VXO
  « X0Z U[\ ( \ ( +,  	
#$ % £ \  [\ jh[_ak]O`²qnOWk£ \ ! [\ )   , , \.-  (/9,  ^   &$# [!00(& &)# !m/ &)#Mbj( +, ,-)(C 
  « X0Z U[\ ( \  	 « X0Z U[\ ( \ ( -
¡qlnf"Y[p`_Xp`OIn_XKOo_dY[¥YmzZnOoVaz{NP£_dOWkub £_"V²OWzkVX&O  {q_dKnOlYIp"¶[O&_WLJLKnOVXWOohm?_XKnO_dY[
p&h[NPlnZ]_dOWkqn{_dVjVI{IO&qub^_dKnOqI_dO&IO&f CÆLJLKnO&fdO`hIfXOI]_XKOYmzZnO 6 pWYmqHOfXO&_XZnfdqnOGkub_XKnO
_"YmI[qn¥Ymz[hIfX{_XKnN¦KnOWqhC§O`\np`OWOWknV  JLKnOquZnNOWf h[?{_XOWfdYm_Xh[qVj_Xh p`h[NPlnZn_XO_dKnO_"Ym¥V_dKnO&q
Hh[Zqk]OWk ub&  X
   _dhPp&h[NPlnZ]_dO3_XKnOoY[z{ZnO3h[ C
  C   _dh¥p`h[NPlnZn_XO_XKnOoY[z{ZnOoh[^
]{qp&OL_XKnOGVOL{_XOWfdYm_Xh[qVÆp&h[qVXV_Æ{qPIO&fdbVNPlnzO5hIlOWfdYm_Xh[qV =nqYmfdbVXKn£ _GIY[qk([hIfWIY[knk(IVZnn_Xf"Y[pº_  






2      2
R , p
1      1
R , p
3      3 0      0
R , p = 0S
R
­${IZnfdOCQHX Ã h]k]OWz(hm$_XKnOVXh[Znf"p`O&®fdOWp&O&[OWf¸lYm_XK
   Aj/^#   + /^ )+/ 	
#`0?/^1 , #"! 	 -.
»¢OapWYmqPfXhIZn[Kz{bNCh]k]OWz]_XKOalYm_XKPO&_c¦'OWO&qP_dKnOaVXh[Znf"p`OjY[qkPYofXOGp`OW{IO&fÆY[Vg_XKnOaVXZpWp`OWVdVX{hIqh["C !'-
p&h[qnIOWV_XOGkz{qn¶]V ® OIhIq|¦Knp"K|_dKnOzhIVdVjf"Y_dOVqnhm_ &O&fdh  Hh[zz{h¦5OWkub|Y¥lZnfXOCk]O&zY:bz{qn¶ =° O[
zhIVdV5fdYm_XO

  nYIVVKh¦qhIq ­$[ZnfdOPQ n
 
	 !   	   Y[qk   "!   $ X0! #:<;   $ X0!  	  "! ( 	 : 	   : 
 
	 !  "! 
$ X0!T#:<;   $ XM!  	  "! ( 	 :     : 	   
	 $ X0!T#:<;   $ XM!  	  "! ( 	 : 
   : 
 7 #:<;  	 :   -, #: ;= -,-  :

$ X0!2#: ;  
  
 
      :
 7 #: ;  	 : + $ X0! #:<;>=    :

	 ' "!	  : # 	 
  	9!  ! 
$ X0!T#:<;   $ X0!  	  "! ( 	 : 	   : 
 7 #:<;  	 :   -,  #:<;>= -,+  :! $ X0!  	  ! ( 	       
 7 #: ;  	 :   7 #:<;>=   :! $ X0!  	  ! ( 	       
 7 #: ;  	 :  7 #: ;>=    :! - 7 #:<;  	 :  7 #:<;>= - +$ X0!  	  "! ( 	 : ! 	  "!	 #  C  C ) -) 	 





  EHW Á Â1m?D Á E n
( 	½ '=] ½ Â Á  q 
n «  p H ¿ 1n ½ Â 	
 ' ÁuÀ  Á EHW Á ' 
s{Q e?YIp"¶[O`_jJ$YmI[qn oo3o3o3ooo3o3oo3o3oo3oo3o3o3ooo t
s{QI{Q J1Y[¶EqnC{qE_dh¥Y[p&p&h[ZnqE_5_XKnOkY_dY[[f"YmN)VXWO o3oo3oo3o3o3ooo t
s{QI v J1Y[[[qnPYmqkKnO&f"Ymf"p"Knp&YmzHO&qp`h]k]qno3o3oo3oo3o3o3ooo w
s v ¯ O`_dO&fdNP{qnqnP_dKnfXOGVKh[zk3o3ooo3o3oo3o3oo3oo3o3o3ooo w
 	½ ' Dn' ½   ' ?D[& 
{Q ­$qn{_XOknYm_dY_Xf"YmqVO&f"V o3o3ooo3o3oo3o3oo3oo3o3o3ooo QIQ
 v ¡qn²qn{_XOknYm_dY_Xf"YmqVO&f"Vy3o3ooo3o3oo3o3oo3oo3o3o3ooo QIQ
 	 DG 1W?D Á E Á E FÅHD -E ½ W  
Bn{Q ¡qE_dfdYm®lnfdhm_dh]p`h[z=YmfdqnOWVdV¤3o3ooo3o3oo3o3oo3oo3o3o3ooo Q:v
Bn v ­YmfXqOWVdVL¦£_dKJ  e~3o3o3ooo3o3oo3o3oo3oo3o3o3ooo Q:v
cD   ']?D Á E  n
 Á E ' ?D Á E NE1ÂGF ¨ ¨ ½ÀÁ  q  
  [[ ½ E1ÂD^C*   Á  [ ¨?D E> «XMZ *[\ ( \ ( ,   ( (
  [[ ½ E1ÂD^C  Á 1EÂ$ Á E FÅHD -E ½ G À D \ p  
 (Hn
 ` 
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - B.P. 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - B.P. 101 - 54602 Villers lès Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot St Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - B.P. 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, B.P. 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
